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Neurophysiological  outcomes  of  mTBI  -  Progress  Report 

The  proposed  and  executed  effort  of  this  project  was  a  literature  review  of  neurophysiological 
outcomes  of  mTBI.  There  was  no  original  research  proposed  or  executed  (i.e.,  no  human 
subjects  or  animal  research  in  this  effort).  There  are  two  sections  in  this  report.  The  first  section 
(Part  1  -  directly  below')  is  an  overview  of  neurophysiological  outcomes  of  mTBI  that  have  been 
addressed  in  the  literature  that  are  not  related  to  cortical  metrics.  Subsequent  sections  address 
literature  related  to  cortical  metrics.  Specifically,  references  of  measures  that  can  be  routinely 
collected  with  the  Brain  Gauge  (the  device  used  to  collect  tactile  based  neurosensory 
assessments)  were  identified,  collated  and  excel  spreadsheets  were  generated  that  describe  the 
contents  of  these  references.  These  measures  include  temporal  order  judgement,  reaction  time, 
and  liming  perception  and  how  those  measures  have  been  used  for  detecting  deficits  in 
information  processing  mechanisms  in  a  number  of  cohorts,  including  mTBI. 

Part  1. 

A  review  of  the  literature  on  the  topic  of  concussions  shows  what  common  sense  should  tell 
you — every  concussion  is  different,  so  the  physiology  of  concussions  cannot  be  boiled  down  to  a 
single,  or  even  a  single  group,  of  statements.  Physiological  effects  of  concussion  fall  along  a 
spectrum  and  are  very  much  dependent  on  w'here  on  the  head  the  person  was  hit,  the  force  of  the 
impact,  the  time  since  impact,  total  number  of  impacts  the  person  has  sustained,  time  between 
repeated  impacts,  age,  and  gender.  Thus,  data  from  the  literature  is  varied  and  spans  a  wide  range 
methods  on  study  design  and  the  subjects  involved  in  testing. 

Due  to  inconsistencies  in  subject  injuries  and  time  since  impact,  controlled  animal  studies  can  be 
of  great  help  when  evaluating  physiological  impacts  of  concussion.  Animal  studies,  especially 
with  rodents,  allow  for  larger  sample  sizes,  controlling  the  type  and  location  of  impact, 
investigating  histological  changes,  and  more  standardized  multiple  impact  studies. 

Homogenizing  injuries  and  treatments  allows  for  making  more  concrete  statements  about  the 
impacts  of  concussion.  For  example.  I  luang  et  al.  (2013)  found  greater  tissue  damage  when 
impacts  w'ere  administered  3d  apart  compared  to  7d.  and  animals  subjected  to  TBIs  3d  apart  still 
showed  behavioral  signs  of  concussion  l  month  later  while  the  other  treatment  group  did  not.  On 
the  other  hand,  concussions  in  humans  are  heterogeneous,  with  multiple  sites  of  injury,  torque, 
and  confounding  factors  common  due  to  the  nature  of  injury.  Thus  looking  at  effects  of  a  single 
impact  at  a  single  site  does  not  necessarily  reflect  concussions  that  occur  outside  of  a  controlled 
environment.  Furthermore,  as  reviewed  by  Shultz  el  al.  (2016),  there  are  many  translational 
inconsistencies  to  consider  w'hen  moving  from  animal  models  to  humans,  especially  when  using 
rodents.  For  example,  because  a  rodent  life  span  is  vastly  shorter  than  the  average  human, 
translating  time  between  multiple  impacts  between  species  is  not  necessarily  one-to-one. 


University  of  North  Carolina 


M.  Tommerdahl  PI 


Similarly,  metabolism  and  pathophysiology  differ  greatly,  making  it  important  to  interpret  results 
with  caution  when  relating  to  human  TBL 

Balance  is  one  measure  commonly  evaluated  post-concussion,  especially  in  athletics,  although 
evidence  and  support  as  this  being  a  reliable  measure  is  limited.  Studies  have  found  that  failure 
to  pass  the  Balance  Error  Scoring  System  (BESS)  test  can  be  an  effective  measure  for  detecting 
concussions  immediately  following  an  impact  (Guskiewicz  et  ah  2001,  McCrea  et  ah  2005, 
Broglio  &  Puetz  2008),  however  false  negatives  are  common — Guskiewicz  et  al.  (2000)  report 
only  30%  of  head  injury  patients  show  signs  of  balance  problems  immediately  after  injury. 
Furthermore,  of  those  that  do  show  alterations  in  balance,  BESS  scores  usually  return  to  equal  or 
better  than  that  of  healthy  controls  within  a  week  following  the  concussion,  likely  due  to  a 
practice  effect  and/or  inter-  and  intra-  rater  variability  (Riemann  &  Guskiewicz  2000,  McCrea  et 
al.  2003,  Valovich  et  al.  2003,  Vaolovich  et  al.  2004,  Finnoff  et  al.  2009,  Sheehan  et  al.  201 1). 
Thus,  reduced  balance  immediately  after  impact  may  be  an  effective  way  to  quickly  assess  if  a 
concussion  has  occurred,  but  not  usually  effective  at  determining  when  the  injury  has  healed. 

In  contrast,  imaging  studies  have  shown  altered  brain  function  in  the  absence  of  diminished 
performance  on  cognitive  tests  in  concussed  individuals,  but  to  date,  no  imaging  study  has  been 
able  to  establish  a  significant  link  between  continuing,  chronic  symptoms  and  physiological 
changes  that  result  from  concussion  (reviewed  in  Shultz  et  al.  2016).  While  some 
concussions/TBl  result  in  brain  lesions,  intracranial  bleeding,  or  skull  fractures  detectable  by  CT 
or  standard  MRI,  most  are  completely  undetectable  using  these  methods,  especially  when  the 
injury  is  mild.  Less  than  10%  of  CT  scans  of  concussion  patients  reveal  any  abnormality,  and 
MRI  abnormalities  are  present  in  only  10-57%  of  patients  (reviewed  in  Bazarian  et  aL  2006). 
Keeping  in  mind  that  these  studies  included  patients  with  severe  TBI,  the  use  of  these  standard 
imaging  techniques  appear  to  be  very  limited  in  their  ability  to  diagnose  concussion  and  mTBL 

Another  MRI  method  capable  of  detecting  physiological  outcomes  of  concussion  includes  AST. 
or  arterial  spin  labeling,  which  can  directly  measure  cerebral  blood  flow.  This  method  has  been 
used  in  relatively  few  studies  to  date  to  evaluate  mTB  1/concussion,  with  conflicting  results  found 
between  studies.  Wang  et  al.  (2016)  found  decreased  cerebral  blood  flow  24  hours  after 
concussion  in  concussed  athletes.  After  8  day,  when  clinical  symptoms  had  resolved,  they 
documented  that  cerebral  blood  flow  had  decreased  further  from  24  h  post-concussion  levels, 
adding  more  evidence  that  the  disappearance  of  clinical  and  neurocognitive  symptoms 
commonly  used  to  determine  return  to  play  is  not  necessarily  an  indicator  that  the  athlete  has 
fully  recovered.  However,  Doshi  et  al.  (2015)  found  that  a  week  after  concussion,  athletes 
showed  increased  blood  flow  in  the  left  striatum  and  frontal  and  occipital  lobes  compared  to 
healthy  controls.  With  small  sample  sizes  (n=7  concussion  group,  n=12  control),  this  suggests 
that  more  studies  are  needed  to  determine  the  accuracy  of  this  method. 
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Using  fMRI  pre-  and  post-concussion,  Jantzen  et  aL  (2004)  found  increased  activation  of  the 
parietal  and  lateral  frontal  and  cerebellar  regions  within  1  week  of  concussion,  even  in  the 
absence  of  a  change  in  cognitive  performance  postinjury.  Similarly,  McAllister  et  aL  (1999) 
observed  similar  performance  of  concussed  and  control  individuals,  but  there  were  differences  in 
the  activation  patterns  during  working  memory  tasks  between  the  two  groups.  Chen  et  al.  (2004) 
also  noted  differences  in  working  memory  activation  patterns  despite  normal  performance  in 
concussed  individuals.  Specifically,  more  activation  was  seen  outside  the  area  of  interest  that 
was  not  present  in  control  groups,  and  BOLD  (Blood  Oxygen  Level  Dependent)  responses  were 
different  between  the  two  groups. 

Changes  in  functional  connectivity  have  been  widely  cited  as  a  result  of  both  acute  and  chronic 
concussion/mTBI.  However,  the  details  of  such  changes  are  not  always  clear,  straightforward,  or 
cohesive  between  studies  depending  on  subjects  used.  Nevertheless,  to  make  a  generalization,  it 
has  been  shown  that  even  in  asymptomatic  patients,  connectivity,  as  measured  by  resting  stale 
fMRI.  is  reduced  post-concussion  and  is  inversely  related  to  the  number  of  TBls  sustained  by  the 
individual  (Johnson  et  al.  2012).  In  their  review  of  the  topic,  Chong  and  Schwedt  (2015)  were 
only  able  to  conclude  that  functional  connectivity  does  appear  to  change  following  concussion, 
including  alterations  in  the  default-mode  network  (DMN),  but  they  were  not  able  to  make  any 
other  broad  generalizations  on  the  topic. 

Other  techniques  including  EEC  and  DTI  can  also  be  effective  at  detecting  altered  brain  function 
post -concussion.  Again,  results  and  conclusions  are  varied  depending  on  severity  of  concussion 
and  amount  of  time  elapsed  since  impact.  In  general,  DTI  has  documented  changes  in  diffusivity 
both  acutely  and  chronically  (6  months  post  impact)  (Henry  et  ak  2011),  and  Upton  et  al.  (2009) 
showed  a  correlation  between  executive  function  and  activity  in  the  dorsolateral  prefrontal  cortex 
with  acute  concussion  cases  (<  2  weeks  post  impact). 

Another  imaging  method,  PET,  or  more  specifically  [lsF]fluorodeoxyglucose  (FDG)-PET,  is 
able  to  detect  changes  in  cortical  metabolism  post-concussion.  As  is  the  case  with  most 
concussion  research,  studies  vary  widely  in  severity  and  location  of  injury,  and  sample  sizes  are 
rarely  big  enough  to  make  strong  general  conclusions.  In  their  review  of  this  topic,  Byrnes  et  al. 
(2014)  concluded  that  post-concussion,  patients  show  a  decrease  in  brain  metabolism,  either 
globally  or  regionally  that  can  last  days  to  months,  with  some  indication  of  correlation  with 
degree  of  injury. 

Alterations  in  brain  metabolite  concentrations  can  be  measured  using  magnetic  resonance 
spectroscopy  (MRS)  as  an  indicator  of  disrupted  metabolism  within  the  brain  (reviewed  in 
Honce  et  al.  2016),  This  method  has  been  used  to  show  changes  in  creatine  and 
giutamate/glutamine  complex  levels  in  asymptomatic  high  school  football  players  following 
impact  (Poole  et  al.  2014).  Furthermore,  the  use  of  NAA/Cr  and  NAA/Cho  ratios  have  been 
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successful  in  showing  that  athletes  are  not  always  fully  recovered  once  clinical  symptoms  have 
resolved,  and  in  athletes  who  sustain  a  second  hit  before  metabolite  ratios  return  to  normal, 
recovery  time  from  the  second  impact  is  significantly  longer  than  in  those  who  sustain  a  second 
hit  after  fully  recovering  from  the  first  injury,  as  determined  by  MRS.  Also,  metabolite 
imbalances  that  were  not  present  acutely  can  present  up  to  6  months  post-injury  (reviewed  in 
Honce  et  ah  2016). 

More  recently,  the  use  of  blood  biomarkers  as  an  indicator  of  concussion  has  been  more 
thoroughly  investigated  as  a  way  to  detect  concussion  more  easily,  cheaply,  effectively,  and 
without  the  radiation  exposure  of  CT  scans  (reviewed  in  Zetterberg  el  al.  2013.  Mondello  et  ah 
2014,  Plog  &  Nedergaard  2015,  Huang  ct  ah  2016,  Kawata  et  ah  2016,  Kulbe  &  Geddes  2016. 
Zetterberg  &  Blennow  2016)*  While  they  show  more  promise  to  accurately  diagnosing  mild  TBI 
than  imaging,  they  still  have  their  downsides  and  there  are  currently  no  biomarkers  tests 
available  that  can  definitively  detect  mild  concussions.  In  order  to  be  effective,  biomarkers  must 
be  present  in  detectable  quantities  in  some  body  fluid,  and  they  should  be  specific  to  CNS  injury. 
As  noted  previously,  each  TBI  patient  is  different  and  effects  of  impact  are  different  in  each 
patient  depending  on  a  number  of  factors*  It  is  therefore  difficult  to  find  a  single  biomarker  that 
can  be  used  as  a  "'gold  standard’'  for  TBI  detection,  particularly  when  considering  that  these 
molecules  must  1 )  pass  through  the  blood  brain  barrier  (BBB)  in  detectable  levels  to  be  reliably 
and  accurately  measured  in  blood  samples  2)  measurement  errors  are  possible  at  many  levels 
including  collection,  storage,  and  measurement  of  samples  3)  most  of  the  biomarkers  being 
investigated  currently  are  not  exclusive  to  head  trauma  and  elevated  levels  can  be  an  indicator  of 
orthopedic  or  other  peripheral  injury.  Analyzing  CSP  samples  as  opposed  to  blood  can  bypass 
some  of  these  problems,  but  it  is  much  more  invasive  and  risky,  and  sampling  cannot  be  repeated 
as  often  as  a  blood  sample.  That  being  said,  there  are  some  biomarkers  that  have  been 
investigated  and  show  some  potential  for  helping  to  clarify  the  picture  of  w  hat  is  going  on  inside 
a  patients  head  following  impact*  Specifically,  S 1 00-fi,  neuron-specific  enolase  (NSE),  and  glial 
fibrillary  acidic  protein  (GFAP),  are  the  most  thoroughly  studied  biomarkers  that  show  potential, 
and  all  have  been  extensively  reviewed  (Zetterberg  et  ah  2013,  Mondello  et  ah  2014,  Huang  et 
ah  201 6,  Kawata  et  ah  20 1 6,  Kulbe  &  Geddes  2016,  Pan  et  al.  2016,  Zetterberg  &  Blennow 
2016)*  While  they  show  the  more  promise  than  other  suggested  biomarkers,  they  still  have  their 
downsides  and  have  shown  mixed  results  in  their  efficiency  as  an  indicator  of  m  l  Bl. 

SIG0-P  is  a  marker  of  activated  astrocytes  and  is  moved  into  the  bloodstream  by  bulk  flow  via 
the  glymphatic  system  (Plog  et  al  2015).  However,  it  is  also  found  in  peripheral  sources, 
including  chondrocytes,  adipocytes,  and  exocrine  cells  and  elevated  blood  levels  have  been 
detected  in  patients  following  ischemic  reperfusion  injury,  bone  fractures,  as  well  as  in  people 
with  mood  disorders  (reviewed  in  Pan  et  al.  2016). 
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NSE  is  an  enzyme  involved  in  glycolysis,  mostly  within  neurons,  and  it  is  upregulated  in 
response  to  axon  damage  in  order  to  maintain  homeostasis.  While  multiple  studies  have  shown 
significant  increases  blood  levels  of  this  protein  following  moderate  and  severe  TBI,  it  has  not 
been  shown  to  be  useful  in  detecting  mild  TBI.  Furthermore,  increased  serum  NSE  has  been 
detected  following  hypoperfusion,  liver  damage,  kidney  damage,  migraines,  and  bone  fractures, 
further  limiting  its  ability  to  accurately  detect  TBI  (Reviewed  in  Kawata  et  al.  2016). 

GFAP  is  a  structural  protein  found  in  astrocytes.  With  neurotrauma,  astrocytes  show 
morphological  changes,  including  increases  in  size,  which  involves  increased  GFAP  production, 
plus  GFAP  can  be  shed  following  astroglial  damage  either  due  to  mechanical  forces  or  necrosis 
(reviewed  in  Kawata  et  al.  2016).  Unlike  most  other  suggested  biomarkers,  this  protein  is  not 
found  outside  the  nervous  system,  making  its  presence  in  blood  more  specific  to  neurotrauma. 
Furthermore,  multiple  studies  have  shown  that  it  can  be  found  in  detectable  levels  in  mTBI 
patients,  and  levels  appear  to  be  correlated  with  severity  of  injury.  This  protein  appears  to  hold 
more  promise  in  detecting  TBI,  but  it  has  not  been  studied  as  extensively  as  S100-P  and  many 
studies  that  have  been  done  have  had  relatively  small  sample  sizes.  Additional  studies  are  needed 
to  verify  its  specificity  and  sensitivity,  as  well  as  establish  how  long  it  remains  present  in  the 
blood  (reviewed  in  Kaw'ata  et  al.  2016,  Kulbe  &  Geddes  2016,  Pan  et  al.  2016). 

With  more  testing  and  validation,  using  fluid  biomarkers  could  be  a  valid  part  of  determining 
when  head  trauma  has  occurred  and/or  when  a  patient  has  recovered.  However,  there  are  many 
confounding  factors  to  consider  and  many  shortcomings  to  this  method,  it  has  even  been 
suggested  that  this  method  may  never  work  to  the  degree  that  others  have  suggested  due  to  the 
glymphatic  system  (Huang  et  al.  2016).  In  fact,  Plog  et  al.  (2015)  found  that  serutn  levels  of 
S100B,  NSE,  and  GFAP  were  not  elevated  following  experimentally  induced  TBI  in  mice  when 
the  glymphatic  system  was  blocked.  The  potential  for  a  false  negative  test  result  from  any 
biomarkers  measured  from  blood  is  a  thus  concern,  particularly  given  that  sleep  deprivation  (a 
possible  side  effect  of  TBI)  as  well  as  TBI  in  and  of  itself  decreases  glymphatic  system  activity 
(Iliff  et  al.  2014,  Plog  et  al.  2015).  Furthermore,  even  if  proteins  make  it  into  the  bloodstream, 
they  will  eventually  degrade,  be  cleared  by  the  hepatic  and  renal  systems,  and  they  can  bind  to 
carrier  proteins,  making  standard  measurement  methods  inaccurate  (reviewed  in  Plog  & 
Nedergaard  2015). 

Huang  et  al.  (2016)  suggests  a  way  around  the  obstacle  of  the  glymphatic  system  by  noting  that 
TBI  of  any  origin  causes  breakdown  of  the  blood  brain  barrier  (BBB).  In  theory,  increased  levels 
of  circulating  brain  microvascular  endothelial  cells  (cBMEC),  the  main  constituent  of  the  BBB, 
could  be  an  indicator  of  TBI.  But  again,  this  suggestion  has  its  drawbacks  as  increased  cBMEC 
levels  could  be  confounded  by  a  number  of  other  factors  that  also  cause  BBB  breakdown, 
including  (but  not  limited  to)  nicotine  and  HIV. 
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Recent  advances  in  TB1  detection  have  been  in  the  field  of  molecular  biology,  using  micro  RNA 
(miRNA)  as  a  biomarker  for  TBI.  While  studies  in  this  area  are  limited,  this  method  does  appear 
to  hold  more  promise  than  protein  biomarkers  discussed  previously.  Using  miRNA  as  opposed  to 
proteins  allows  for  detection  of  the  biomarker  at  lower  concentrations,  miRNA  is  less  susceptible 
to  degradation,  both  before  and  after  sampling,  evidence  shows  that  there  are  more  biomarkers 
that  are  specific  to  TBI  and  not  influenced  by  peripheral  damage,  and  there  are  miRNA  markers 
that  have  been  shown  to  be  able  to  differentiate  between  mild,  moderate,  and  severe  TBI  in 
mouse  models  and  in  humans  (Balakathiresan  et  al.  2014,  Sharma  et  al.  2014,  Bhomia  et  al. 

2016,  Harrison  et  al.  2016,  Sun  et  al.  2016,  Taheri  et  al.  2016,). 

Specifically,  Sun  et  al.  (2016),  found  that  expression  of  the  miRNA  miR-23b  was  downregulaled 
in  plasma  of  TBI  patients  relative  to  healthy  individuals.  Bhomia  et  al.  (2016),  using  blood 
samples  from  human  subjects  with  either  mTBI,  severe  TBI,  orthopedic  injury,  or  healthy 
controls,  found  8  miRNAs  specific  to  mTBJ.  10  specific  to  sTBI,  and  1 0  specific  to  orthopedic 
injury.  In  TBI  patients,  expression  levels  of  most  miRNAs  showed  a  direct  correlation  to  severity 
of  injury  as  indicated  by  CT  lesions.  These  results  seem  promising,  but  sample  sizes  were  small 
(n=8/group)  and  all  sampling  was  done  12-48  h  after  injury,  meaning  the  ability  to  assess  TBI 
status  overtime  to  track  progress  and  recovery  remains  unknown.  Further  studies  must  also  be 
done  to  determine  if  these  miRNAs  could  also  be  present  in  other  neurological  conditions  that 
may  co-occur  with  TBI.  For  example,  PTSD  has  been  shown  to  have  its  own  miRNA  signature 
(Balakathiresan  et  al.  201 6). 

In  summary,  it  has  been  widely  documented  that  concussions/TBl  cause  a  w  ide  range  of 
alterations  in  brain  function.  However,  this  injury  is  extremely  heterogeneous  in  nature,  making 
it  difficult  to  make  broad  generalizations.  Individual  injuries  can  affect  different  parts  of  the 
brain  in  different  ways  depending  on  factors  such  as  the  location  and  intensity  of  impact,  the 
number  of  previous  concussions  sustained,  and  time  between  impacts,  so  any  method  used  to 
assess  the  injury  must  be  able  to  do  so  irrespective  of  each  of  these  factors.  One  generalization 
that  can  be  made,  however,  is  that  changes  in  neurophysiology  following  concussion  rarely  are 
completely  resolved  at  the  same  time  that  clinical  symptoms  disappear,  and  sustaining  a  second 
head  injury  before  the  first  has  resolved  can  drastically  increase  the  severity  of  the  injury.  Thus, 
it  is  important  to  establish  a  method  to  accurately  detect  and  track  progress  in  order  to  prevent  re¬ 
injury  in  an  already  injured  brain. 

References 

Balakathiresan,  NS,  Chandran  R,  Bhomia  M,  Jia  M,  Li  H,  Maheshwari  RK  (2014).  Serum  and 
amygdala  microRNA  signatures  of  posttraumatic  stress:  Fear  correlation  and  biomarker 
potential.  .1  Psychiatric  Research  57:65-73. 


6 


University  of  North  Carolina 


M.  Tommerdahl,  PI 


Bazarian  JJ,  Blyth  B,  C impel lo  L  (2006).  Bench  to  bedside:  Evidence  for  brain  injury  after 
concussion — looking  beyond  the  computed  tomography  scan.  Academic  Emergency  Medicine 
13  (2):  199-2 1 4. 

Bhomia  M,  Balakathiresan  NS,  Wang  KK,  Papa  L,  Maheshwari  RK  (2016).  A  panel  of  serum 
miRNA  biomarkers  for  the  diagnosis  of  severe  to  mild  traumatic  brain  injury  in  humans. 
Scientific  Reports  6:28148. 

Broglio  SP  &  Puetz  TW  (2008).  The  effect  of  sport  concussion  on  neurocognitive  function,  self- 
report  symptoms  and  postural  control;  A  meta-analysis.  Sports  Med  2008  38(1)53-67. 

Byrnes  KR,  Wilson  CM,  Brabazon  F,  von  Leden  R,  Jurgens  JS.  Oakes  TR,  Selwyn  RG  (2014). 
FDG-PET  imaging  in  mild  traumatic  brain  injury:  a  critical  review.  Frontiers  in  Neuroimaging 
5(13). 

Chen  JK.  Johnston  KM.  Frey  S,  Petrides  M,  Worsley  K,  Ptito  A  (2004).  Functional  abnormalities 
in  symptomatic  concussed  athletes:  an  fMRl  study.  Neuroimage  22:68-82. 

Chong  CD  and  Schwedt  TJ  (2015).  White  matter  damage  and  brain  network  alterations  in 
concussed  patients:  a  review  of  recent  diffusion  tensor  imaging  and  resting-state  functional 
connectivity  data.  Curr  Pain  Headache  Rep  19(l2):doi  10. 1007/s  1 1916-015-0485-0. 

Doshi  H,  Wiseman  N,  Liu  J.  Wang  W,  Welch  RD.  O’Neil  BJ,  Zuk  C,  Wang  X,  Mika  V, 
Szaflarski  JP,  Haacke  EM,  Kou  Z  (2015).  Cerebral  hemodynamic  changes  of  mild  traumatic 
brain  injury  at  the  acute  stage.  PLoS  One  I0:e0l  1 8061. 

Finnoff  JT,  Peterson  VJ,  Hollman  JH,  Smith  J  (2009).  Intrarater  and  interrater  reliability  of  the 
Balance  Error  Scoring  System  (BESS).  American  Academy  of  Physical  Medicine  and 
Rehabilitation  1:50-54. 

Guskiewicz  KM.  Ross  SE,  Marshall  SW  (2001).  Postural  stability  and  neuropsychological 
deficits  after  concussion  in  collegiate  athletes.  Journal  of  Athletic  Training  36(3):263-273. 

Guskiewicz  KM,  Weaver  NL.  Padua  DA,  Garrett  WE  (2000).  Epidemiology  of  concussion  in 
collegiate  and  high  school  football  players.  Am  J  Sports  Med  28:643-650. 

Harrison  EB,  Hochfelder  CG,  Lamberty  BG,  Meays  BM,  Morsey  BM,  Kelso  ML,  Fox  HS, 
Yelamanchili  SV  (2016).  Traumatic  brain  injury  increases  levels  of  mi R-2 1  in  extracellular 
vesicles:  implications  for  neuro  inflam  mat  ion.  FEBS  Open  Bio. 


7 


University  of  North  Carolina 


M.  Tommerdahl,  PI 


Henry  LC,  Tremblay  J,  Tremblay  S,  Lee  A,  Brun  C,  Lepore  N,  Theoret  H,  Ellemberg  D, 
Lassonde  M  (201 1).  Acute  and  chronic  changes  in  diffusivity  measures  after  sports  concussion. 
Journal  of  Neurotrauma  28:2049-2059. 

Honce  JM,  Nyberg  E.  Jones  I,  Nagae  L  (2016).  Neuroimaging  of  concussion.  Phys  Med  Rehabil 
Clin  N  Am  27(2):41 1-428. 

Huang  L,  Coats  JS,  Mohd-Yusof  A,  Yin  Y,  Assaad  S,  Mucllner  MJ,  Kamper  JE,  Hartman  RE, 
Dulcich  M.  Donovan  VM.  Oyoyo  U,  Obenaus  A  (2013).  Tissue  vulnerability  is  increased 
following  repetitive  mild  traumatic  brain  injury  in  the  rat.  Brain  Research  1499:109-120. 

Huang  S,  Zhang  B,  Zhou  Y  (2016).  Why  molecular  biomarkers  of  traumatic  brain  injury  may 
never  work:  Effects  of  glymphatic  pathway  dysfunction.  Journal  of  Trauma  and  Treatment  5(2): 
309. 

Miff  JJ,  Chen  MJ,  Plog  BA,  Zeppenfeld  DM,  Soltero  M,  Yang  L,  Singh  I,  Deane  R,  Nedergaard 
M  (2014).  Impairment  of  glymphatic  pathway  function  promotes  tau  pathology  after  traumatic 
brain  injury.  The  Journal  of  Neuroscience  34(49):  1 61 80-161 93. 

Jantzen  KJ,  Anderson  B.  Steinberg  FL,  Scott  Kelso  JA  (2004).  A  prospective  functional  MR 
imaging  study  of  mild  traumatic  brain  injury  in  college  football  players.  Am  J  Neuroadiol 
25:738-745. 

Johnson  B.  Zhang  K,  Gay  M,  Horovitz  S,  Hallett  M,  Sebastianeili  W,  Slobounov  S  (2012). 
Alteration  of  brain  default  network  in  subacute  phase  of  injury  in  concussed  individuals:  resting- 
state  fMRI  study.  Neuroimage  59:51 1-518. 

Kawata  K,  Liu  CY,  Merkel  SF,  Ramirez  SH,  Tierney  RT,  Langford  D  (2016).  Blood  biomarkers 
for  brain  injury:  What  are  we  measuring?  Neuroscience  and  Biobehavioral  Reviews  68:460-473. 

Ku l be  JR  &  Geddes  JW  (2016).  Current  status  of  fluid  biomarkers  in  mild  traumatic  brain  injury. 
Experimental  Neurology  275:334-352. 

Lipton  ML,  Gulko  E,  Zimmerman  ME,  Friedman  BW,  Kim  M,  Gellella  E,  Gold  T,  Shifteh  K. 
Ardekani  BA,  Branch  CA  (2009).  DifTfusion-Tensor  Imaging  implicates  prefrontal  axonal  injury 
in  executive  function  impairment  following  very  mild  traumatic  brain  injury.  Neuroradiology 
252(3):8 16-824. 


8 


University  of  North  Carolina 


M.  Tommerdahl,  PI 


McAllister  TW,  Saykin  AJ,  Flashman  LA,  Sparling  MB,  Johnson  SC,  Guerin  SJ.  Mamourian 
AC.  Weaver  JB.  Yanofsky  N  (1999).  Brain  activation  during  working  memory  1  month  after 
traumatic  brain  injury:  A  functional  MRI  study.  Neurology  53(6):  1300- 1308. 

McCrea  M,  Barr  W,  Guskiewicz  K,  Randolph  C,  Marshall  SW.  Cantu  R.  Onate  JA.  Kelly  JP 
(2005).  Standard  regression-based  methods  for  measuring  recovery  after  sport -related 
concussion.  Journal  of  the  International  Neuropsychological  Society  1 1 : 5  8-69. 

McCrea  M,  Guskiewicz  KM,  Marshall  SW.  Ban-  W.  Randolph  C.  Cantu  RC.  Onate  JA.  Yang  J, 
Kelly  JP  (2003).  Acute  effects  and  recovery  time  following  concussion  in  collegiate  football 
players;  The  NCAA  Concussion  Study.  JAMA  290(19):  2556-2563. 

Mondello  S,  Schmid  K.  Berger  RP,  Kobeissy  F,  Italiano  D.  Jeromin  A.  Hayes  RL,  Tortella  FC, 
Buki  A  (2014).  The  challenge  of  mild  traumatic  brain  injury:  Role  of  biochemical  markers  in 
diagnosis  of  brain  damage.  Medicinal  Research  Reviews  34(3):503-3 1 . 

Pan.  J.  Connolly  ID.  Dangelmajer  S,  Kintzing  J.  1  lo  AL.  Grant  G  (2016).  Sports-related  brain 
injuries:  connecting  pathology  to  diagnosis.  Neurosurg  Focus  40(4):E14. 

Plog  BA,  Dashnaw  ML,  Hitomi  E,  Peng  W,  Liao  Y,  Lou  N,  Deane  R.  Nedergaard  M  (2015). 
Biomarkers  of  traumatic  injury  are  transported  from  brain  to  blood  via  the  glymphatic  system. 
The  Journal  of  Neuroscience  35(2):5 18-526. 

Plog  BA  &  Nedergaard  M  (2015).  Why  have  we  not  yet  developed  a  simple  blood  test  for  TB1? 
Expert  Review  of  Neurotherapeutics  1 5(5):465-468. 

Poole  VN.  Abbas  K,  Shenk  TE,  Breedlove  EL,  Breedlove  KM.  Robinson  ME,  Leverenz  LJ, 
Nauman  EA,  Talavage  TM.  Dydak  U  (2014).  MR  Spectroscopic  evidence  of  brain  injury  in  the 
non-diagnosed  collision  sport  athlete.  Developmental  Neuropsychology  39(6):459-473. 

Riemann  BL  &  Guskiewicz  KM  (2000).  Effects  of  mild  head  injury  on  postural  stability  as 
measured  through  clinical  balance  testing.  Journal  of  Athletic  Training  35(1):  19-25. 

Shan  R.  Szmydynger-Chodobska  J.  Warren  OU,  Mohammad  F.  Zink  BJ,  Chodobski  A  (2016).  A 
new  panel  of  blood  biomarkers  for  the  diagnosis  of  mild  traumatic  brain  injury/concussion  in 
adults.  Journal  of  Neurotrauma  33:49-57. 

Sharma  A.  Chandran  R.  Barry  ES,  Bhomia  M,  Hutchison  MA.  Balakathiresan  NS.  Grunberg  NE, 
Maheshwari  RK  (2014).  Identification  of  serum  microRNA  signatures  for  diagnosis  of  mild 
traumatic  brain  injury  in  a  closed  head  injury  model.  PLOS  One  9(1  l):el  12019. 


9 


University  of  North  Carolina 


M.  Tommerdahl,  PI 


Sheehan  DP  &  Lafave  MR  (201 1).  Intra-rater  and  inter-rater  reliability  of  the  Balance  Error 
Scoring  System  in  pre-adolescent  school  children.  Measurement  in  Physical  Education  and 
Exercise  Science  15:234-243. 

Shultz  SR,  McDonald  SJ,  Vonder  l  laar  C,  Meconi  A.  Vink  R,  van  Donkelaar  P,  Taneja  C, 

Iverson  GL,  Christie  BR  (2016).  The  potential  for  animal  models  to  provide  insight  into  mild 
traumatic  brain  injury:  Translational  challenges  and  strategies.  Neuroscience  and  Biobehavioral 
Reviews  http  ://dx.doi.org/l0.l016/j.neubiorev.201 6.09.014 

Sun  L,  Liu  A,  Zhang  J,  Ji  W,  Li  Y,  Yang  X,  Wu  Z,  Guo  J  (2016).  miR-23b  improves  cognitive 
impairments  in  traumatic  brain  injury  by  targeting  ATGl2-mediated  neuronal  autophagy. 
Behavioural  Brain  Research. 

Taheri  S,  Tanriverdi  F,  Zararsiz  G,  Elbuken  G,  Ulutabanca  H,  Karaca  Z,  Selcuklu  A.  Unluhizarci 
K,  Tanriverdi  K.  Kelestimur  F  (2016).  Circulating  microRNAs  as  potential  biomarkers  for 
traumatic  brain  injury- induced  hypopituitarism.  Journal  of  Neurotrauma. 

Valovich  TC,  Perrin  DH,  Gansneder  BM  (2003).  Repeat  administration  elicits  a  practice  effect 
with  the  Balance  Error  Scoring  System  but  not  with  the  standardized  assessment  of  concussion  in 
high  school  athletics.  Journal  of  Athletic  Training  38(  l):5 1  -56. 

Valovich  McLeod  TC,  Perrin  DH,  Guskiewicz  KM,  Shultz  SJ,  Diamond  R,  Gansneder  BM 
(2004).  Serial  administration  of  clinical  concussion  assessments  and  learning  effects  in  healthy 
young  athletes.  Clin  J  Sport  Med  14(5):287-295. 

Wang  Y,  Nelson  LD,  LaRoche  AA,  Pfaller  AY  Nencka  AS,  Koch  KM.  McCrea  MA  (20 1 6). 
Cerebral  blood  flow  alterations  in  acute  sports-related  concussion.  Journal  of  Neurotrauma 
33:1227-1236. 

Wright  DK,  Trezise  J,  Kamnaksh  A,  Bekdash  R.  Johnston  LA.  Ordidge  R.  Semple  BD,  Gardner 
AJ,  Stanwell  P,  O'Brien  TJ,  Agoston  DV,  Shultz  SR  (2016).  Behavioral,  blood,  and  magnetic 
resonance  imaging  biomarkers  of  experimental  mild  traumatic  brain  injury.  Scientific  Reports 
6:28713. 

Zetterberg  H,  Smith  DH,  Blennow  K  (2013).  Biomarkers  of  mild  traumatic  brain  injury  in 
cerebrospinal  fluid  and  blood.  Nat  Rev  Neurol  9:20 1-2 10. 

Zetterberg  H  &  Blennow  K  (2016).  Fluid  biomarkers  for  mild  traumatic  brain  injury  and  related 
conditions.  Nature  Reviews  Neurology  12:563-574. 


10 


University  of  North  Carolina 


M.  Tommerdahl,  PI 


Part  2. 

Temporal  order  judgement  (TOJ)  defines  an  individual’s  ability  to  determine  the  order  of  two 
stimuli  delivered  to  the  peripheral  sensory  sheet.  This  ability  is  largely  attributed  to  frontal- 
striatal  pathways  and  TOJ  is  impacted  in  mTBl  when  that  part  of  the  cortex  is  impacted.  Some 
neurological  groups  do  particularly  poorly  in  this  task  (e.g.,  schizophrenia  and  dyslexia).  The 
contents  of  the  TOJ  references  below  are  summarized  in  an  excel  spreadsheet. 
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